Abstract: Bacillus thuringiensis is a soil-dwelling Gram positive bacterium that has been utilized as a biopesticide for well over 60 years. It is known to contain flagella that are important for motility. One of the proteins found in flagella is flagellin, which is post-translationally modified by O-glycosylation with derivatives of pseudaminic acid. The biosynthetic pathway for the production of CMPpseudaminic acid in B. thuringiensis, starting with UDP-N-acetyl-D-glucosamine (UDP-GlcNAc), requires seven enzymes. Here, we report the three-dimensional structures of Pen and Pal, which catalyze the first and second steps, respectively. Pen contains a tightly bound NADP(H) cofactor whereas Pal is isolated with bound NAD(H). For the X-ray analysis of Pen, the site-directed D128N/ K129A mutant variant was prepared in order to trap its substrate, UDP-GlcNAc, into the active site. Pen adopts a hexameric quaternary structure with each subunit showing the bilobal architecture observed for members of the short-chain dehydrogenase/reductase superfamily. The hexameric quaternary structure is atypical for most members of the superfamily. The structure of Pal was determined in the presence of UDP. Pal adopts the more typical dimeric quaternary structure. Taken together, Pen and Pal catalyze the conversion of UDP-GlcNAc to UDP-4-keto-6-deoxy-L-Nacetylaltrosamine. Strikingly, in Gram negative bacteria such as Campylobacter jejuni and Helicobacter pylori, only a single enzyme (FlaA1) is required for the production of UDP-4-keto-6-deoxy-L-N-acetylaltrosamine. A comparison of Pen and Pal with FlaA1 reveals differences that may explain why FlaA1 is a bifunctional enzyme whereas Pen and Pal catalyze the individual steps leading to the formation of the UDP-sugar product. This investigation represents the first structural analysis of the enzymes in B. thuringiensis that are required for CMP-pseudaminic acid formation.
Introduction
Bacillus thuringiensis is a fascinating soil-dwelling Gram positive bacterium that has been used as a biopesticide in the United States since the 1950s. 1 During growth and sporulation, it produces parasporal inclusions composed of one or more d-endotoxins, which are lethal to a wide range of agricultural pests. 2 Depending upon the specific bacterial strain, B. thuringiensis has been used to control the populations of cabbage worms, tent caterpillars, mosquitoes, and blackflies. 3 Like many Gram negative and Gram positive bacteria, B. thuringiensis is known to contain flagella, helically shaped appendages involved in motility and adhesion. 4, 5 It is thought that flagellamediated motility plays a key role in the pathogenicity of some Gram negative bacteria including Escherichia coli, Salmonella typhimurium, Campylobacter spp., and Pseudomonas aeruginosa, amongst others. 6 One of the proteins found in flagella is flagellin, which in many bacteria is post-translationally modified by O-glycosylation, often with derivatives of pseudaminic acid (Scheme 1). 7 Whereas the biosynthetic pathways leading to the formation of pseudaminic acid and its derivatives have been investigated in Gram negative bacteria, less is known regarding their formation in Gram positive organisms. [8] [9] [10] [11] [12] [13] A recent and elegant investigation from the Bar-Peled laboratory at the University of Georgia has shed considerable insight into the manner in which pseudaminic acid is synthesized in B. thuringiensis.
14 As indicated in Scheme 1, two enzymes, Pen and Pal, are required to first convert UDP-N-acetyl-D-glucosamine (UDP-GlcNAc) to UDP-4-keto-6-deoxy-L-N-acetylaltrosamine. Interestingly, in Gram negative organisms, only one enzyme, FlaA1 (also referred to as PseB), is required. 15, 16 Note that FlaA1 is a bifunctional 5-inverting 4,6-dehydratase. 17 Blast searches of the Pen and Pal amino acid sequences indicate that they both belong to the short-chain dehydrogenase/reductase (SDR) superfamily. This large superfamily includes enzymes that function on a wide range of substrates as well as proteins serving as redox sensors. 18 Biochemical analyses suggest that Pen contains a tightly bound NADP 1 cofactor whereas Pal employs a tightly bound NAD 1 for activity.
14 Curious as to the molecular architectures of these two enzymes, we initiated an X-ray crystallographic analysis of them as reported here. The structure of Pen, in complex with NADP(H) and UDP-GlcNAc, was solved to 2.7 Å resolution. Unlike most members of the SDR superfamily, which typically function as dimers, Pen is a hexamer displaying 322 symmetry. This quaternary architecture is similar to that first described for FlaA1 from Helicobacter pylori, an inverting 4,6-dehydratase. The model of Pal with bound NAD(H) was determined to 1.45 Å resolution. Two of the residues critical for catalysis in the 4,6-dehydratases, an aspartate and a glutamate (or lysine in some cases), are replaced in Pal with a cysteine and a methionine, respectively. Taken together, the models of Pen and Pal, as described herein, add unique structural insight into the formation of pseudaminic acid in Gram positive bacteria.
Results and Discussion

Structure of Pen
The dTDP-glucose 4,6-dehydratases have been the topic of research investigation for nearly 20 years, with the first structure of one, namely RmlB from E. coli, being determined in this laboratory in 1998 (Protein Data Bank (PDB) accession no. 1BXK). The model of RmlB was determined to 1.9 Å resolution and fully refined to an R-factor of 19.5%. Following this initial X-ray analysis, the three-dimensional architectures of other dTDP-glucose 4,6-dehydratases were determined and described in exquisite detail. [19] [20] [21] [22] In addition, the GDP-mannose 4,6-dehydratases and the CDP-glucose 4,6-dehydratases have also been structurally characterized. [23] [24] [25] [26] From these studies, it is now known that two amino acids, Asp 135 and Glu 136 (E. coli numbering) play key roles in catalysis by functioning as active site acids or bases, respectively. In some of these enzymes, such as the CDP-glucose 4,6-dehydratases, the glutamate is replaced with a lysine residue. 25, 26 According to amino acid sequence alignments, the equivalent residues in Pen are Asp 128 and Lys 129 (Supplementary Material). Given that our repeated attempts to produce crystals of wild-type Pen failed, a double site-directed mutant protein was subsequently constructed whereby Asp 128 and Lys 129 were replaced with an asparagine and an alanine residue, respectively. This mutant variant crystallized as a ternary complex with NADP(H) and UDP-GlcNAc.
The following discussion refers specifically to the D128N/K129A mutant variant. It should be noted that Pen purifies with tightly bound nicotinamide adenine dinucleotide phosphate or NADP(H). No attempts were made to either oxidize or reduce it. Thus, given that the oxidation state of the cofactor is unknown, it will be referred to as NADP(H). Previous size-exclusion chromatography studies suggested that Pen functions as either a tetramer or a pentamer.
14 In fact, the crystals utilized in this investigation contained a complete hexamer in the asymmetric unit (over 2000 amino acid residues). The model was refined to 2.7 Å resolution with an overall R-factor of 20.4%. The electron density map displayed regions of disorder for all six subunits. In particular, many of the amino acid residues residing
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in the surface loops defined by Lys 247 to Ala 255 and Pro 294 to Ala 304 could not be built. Even though these surface loops were disordered, there was observed electron density for all bound ligands in the six subunits of the hexamer. Shown in Figure  1 are the electron densities corresponding to the UDP-sugar ligand and the NADP(H) cofactor in subunit A. Given that the a-carbons for the six subunits in the asymmetric unit superimpose with root-meansquare deviations of between 0.2 to 0.4 Å , the following discussion refers to the first subunit in the X-ray coordinate file unless otherwise noted. A ribbon representation of the complete hexamer, which has overall dimensions of 110 3 86 3 117 Å , is displayed in Figure 2 (a). The total buried surface area for each subunit is 2900 Å 2 . The hexamer displays 322 symmetry and appears to be a trimer of dimers. The active sites within the dimers are separated by 24 Å . The dimers, however, pack in the hexamer such that the active sites of one abut closely to another as indicated by the black arrows in Figure 2 (a). Indeed, the ribosyl phosphates groups of the NADH(P) cofactors between dimers are separated by only 8 Å [ Fig. 2(a) ]. Shown in Figure 2 (b) is a stereo ribbon representation of an individual subunit. The subunit adopts a bilobal appearance with the larger Nterminal domain dominated by an eight-stranded mixed b-sheet flanked on one side by five a-helices and on the other side by three a-helices. The Cterminal motif contains one two-stranded parallel bsheet, one two-stranded antiparallel b-sheet, and three a-helices. As is typical for members of the SDR superfamily, the active site is wedged between the two domains. A close-up stereo view of the active site is presented in Figure 2 with the pyrophosphoryl group of the dinucleotide cofactor. Arg 38 plays a key role in cofactor binding by participating in both an electrostatic interaction with the ribose phosphate as well as in a cation-p stacking interaction with the adenine ring. 28 The adenine ring also interacts with the side chain of Asp 63 and the backbone amide of Ile 64. Besides the interaction with the side chain of Arg 38, the ribose phosphate group also is positioned within 3.2 Å of the side chain of Thr 14 and the backbone amide group of Ser 39. Finally, the distance between the C-4 0 carbon of the UDP-sugar and the C-4 carbon of the NADP(H) is 3.8 Å .
Comparison of Pen with FlaA1
As noted in the Introduction, Gram negative bacteria contain only one enzyme required for the conversion of UDP-GlcNAc to UDP-4-keto-6-deoxy-L-Nacetylaltrosamine. Depending upon the organism, the enzyme has been referred to in the literature as either PseB or FlaA1. In 2006, a model for FlaA1 from H. pylori was reported, and the enzyme was shown to have the same hexameric quaternary structure as that observed for Pen. 29 A subsequent detailed enzymological investigation of PseB from C. jejuni provided substantial mechanistic insight into the activity of this bifunctional inverting 4,6-dehydratase. 16 Accordingly, the reaction for PseB Scheme 2. Proposed mechanism for an inverting 4,6-dehydratase.
from C. jejuni can be described in terms of three steps as presented in Scheme 2. In the first step, a hydride is transferred from the sugar C-4 0 carbon to the nicotinamide ring C-4 carbon of the cofactor, and Tyr 135 abstracts the C-4 0 hydroxyl proton leading to a C-4 0 keto intermediate. During the second step, the proton on the sugar C-5 0 carbon is removed by Lys 127 and, most likely, Asp 126 aids in the departure of the sugar C-6 0 hydroxyl group by donating a proton. Departure of the sugar C-6 0 hydroxyl group as a water leads to an enone intermediate. Finally, the hydride that was removed from the sugar C-4 0 carbon is transferred via NADPH to the sugar C-6 0 carbon, and a proton is donated back to the sugar C-5 0 carbon on the opposite side of the pyranosyl ring, thereby resulting in inversion of configuration. The source of the proton is not known, however. Importantly, the site-directed mutant proteins, namely D126N, K127A, and Y135F, demonstrated severely compromised activities. 16 Shown in Figure 3(a) is a superposition of the ribbon representations for the subunits of Pen and H. pylori FlaA1. These two enzymes demonstrate 40 and 61% amino acid sequence identities and similarities, respectively. Not surprisingly, the a-carbons for the two models superimpose with a root-meansquare deviation of 1.2 Å , and as can be seen their overall architectures are remarkably similar. Importantly, the three catalytically important residues in FlaA1 are structurally conserved in Pen. The question thus arises as to why Pen stops after the first two steps leading to the formation of a UDP-6- deoxy-D-GlcNA-5,6-ene product? A superposition of the active sites for Pen and FlaA1 is presented in Figure 3(b) . Strikingly, the active sites are similar except for the replacement of Ile 17 in Pen with Phe 22 in FlaA1. These residues are, however, 5 Å from the nicotinamide rings of the tightly bound cofactors. It should be kept in mind that the structure of Pen is that of a double site-directed mutant protein so caution must be applied in any interpretation. However, there is one trend that may be of importance. In FlaA1, the C-4 carbon of the nicotinamide ring is positioned at an equal distance from both the sugar C-4 0 carbon (3.9 Å ) where the hydride is removed and the sugar C-6 0 carbon (3.9 Å ) where the hydride is transferred. In the Pen model, the average distance in the six subunits of the hexamer between the C-4 carbon of the nicotinamide ring and the sugar C-4 0 carbon is 3.7 Å whereas that between the nicotinamide C-4 carbon and the sugar C-6 0 carbon is 4.2 Å . Thus, one hypothesis might be that the reaction stops in Pen at the enone intermediate because the NADPH is positioned too far from the sugar C-6 0 carbon to transfer its hydride. Clearly there are subtle factors in the Pen active site that cannot be teased out from static X-ray structures. Importantly, however, the structure of Pen once again emphasizes the need for caution when annotating amino acid sequences and the importance of biochemical verifications. On the basis of the Pen amino acid sequence alone, it might have been argued that it functions as a bona fide inverting 4,6-dehydratase, which is not correct.
Structure of Pal
The model of Pal presented here was determined to 1.45 Å resolution and refined to an overall R-factor of 13.1%. A ribbon representation of the Pal dimer, with overall dimensions of approximately 51 3 64 3 84 Å , is displayed in Figure 4 (a). As is typical for the dimeric members of the SDR superfamily, the subunit:subunit is formed by the fourth and fifth a-helices from each subunit resulting in a four ahelical bundle. 30 These a-helices, defined Ala 92- to the instability of the Pal enone substrate, it was not possible to obtain a model for it in the presence of a nucleotide-linked sugar. As in Pen, the overall subunit of Pal is distinctly bilobal with the Nterminal region dominated by a seven-stranded mixed b-sheet and the smaller C-terminal region containing two small b-sheets (two strands each) and three a-helices. Shown in Figure 4c Fig. 5(a) ]. As previously discussed, the side chain of Arg 38 is intricately involved in positioning the cofactor into the active site by both electrostatic and cation-p interactions. In Pal, the region connecting b-strand 2 and a-helix 2 adopts a more random coil character, and as a consequence projects inward toward the active site thereby precluding the binding of NADP(H) as highlighted in Figure 4(a) .
A superposition of the Pen and Pal active sites is presented in Figure 5(b) . In the 4,6-dehydratases, a conserved glutamate or lysine is required to abstract a proton from the pyranosyl C-5 0 carbon (Scheme 2) and an aspartate is needed to protonate the C-6 0 hydroxyl to aid in its departure. In order to trap a ternary complex of Pen with its substrate and the dinucleotide cofactor, these residues were changed to an asparagine (position 128) and an alanine (position 129), respectively. The reason why Pal cannot function as a 4,6-dehydratase is due to the replacement of these residues with Cys 123 and Met 124, respectively [ Fig. 5(b) ]. Again, caution must be applied regarding annotations. Whereas Pal was suggested to be a dehydratase, it clearly does not have the appropriate amino acid residues required for such activity.
The hydride is transferred to NAD 1 to yield NADH and a keto moiety, similar to that outlined in Scheme 2 for PseB. The hydride on NADH can then be subsequently transferred to the sugar C-6 0 carbon. Like that reported for PseB from C. jejuni, however, the source of the proton to complete the reaction is unknown. There are no suitable side chains in the proper orientation to promote proton transfer to the opposite side of the pyranosyl ring, which would be required for inversion of configuration about the C-5 0 carbon. In summary, three-dimensional models for both Pen and Pal from B. thuringiensis have now been defined. Both structures, indeed, emphasize the need for caution when suggesting biochemical activities based solely on amino acid sequences. Without the detailed investigations from the Bar-Peled laboratory and the structural analyses presented here, the predicted functions of Pen and Pal would remain incorrect. Additionally, as in the case of FlaA1 and PseB, the manner by which inversion of configuration about the C-5 0 carbon of the UDP-sugar substrate is accomplished is still unclear. Why Gram positive bacteria evolved to utilize two separate enzymes for the conversion of UDP-GlcNAc to UDP-4-keto-6-deoxy-L-N-acetylaltrosamine rather than one as in Gram negative organisms is a fascinating but unanswered question.
Materials and Methods
Protein constructs, expression, and purification
The Pen and Pal genes were cloned from B. thuringiensis (ATCC 35646) genomic DNA. For protein expression, the gene encoding Pen was placed into the pET28T vector 31 whereas the gene encoding Pal was placed into the pET31 (Novagen) vector. The pET28T vector led to a protein with a TEV-cleavable N-terminal polyhistidine tag, whereas the pET31 vector generated a protein with a non-cleavable Cterminal polyhistidine tag. After repeated attempts, it was not possible to produce X-ray quality crystals of wild-type Pen. Hence, the D128N/K129A variant of Pen was constructed via the Stratagene QuikChange protocol, and the following discussion regarding purification and crystallization of Pen refers to the mutant variant. Both Pen and Pal were expressed using Rosetta2(DE3) E. coli cells (Novagen). The cultures were grown in lysogeny broth supplemented with chloramphenicol (50 mg/L) and either 50 mg/L of kanamycin for Pen or 100 mg/L of ampicillin for Pal. The flasks were incubated at 378C with shaking until an optical density of 0.8 was reached at 600 nm. The flasks were subsequently cooled in an ice bath, and protein expression was induced with 1 mM isopropyl b-D-1-thiogalactopyranoside and allowed to continue at 168C for 24 h. The cells were then harvested by centrifugation and frozen as pellets in liquid nitrogen.
Frozen cell pellets were disrupted by sonication on ice in a lysis buffer composed of 50 mM sodium phosphate, 20 mM imidazole, 10% glycerol, and 300 mM sodium chloride (pH 8.0). The lysates were cleared by centrifugation, and both Pen and Pal were purified at 48C utilizing Ni-NTA resin (Qiagen) according to the manufacturer 0 s instructions. For the purification of Pen, TEV protease was added in a 1:30 molar ratio to the pooled protein solution, which was subsequently dialyzed against 50 mM sodium phosphate, 300 mM sodium chloride, and 20 mM imidazole (pH 8.0) at 48C for 24 h. The TEV protease and uncleaved protein were removed by passage over a Ni-NTA column. Both the Pen and Pal solutions were ultimately dialyzed against 10 mM Tris-HCl (pH 8.0) and 200 mM NaCl. Pen was concentrated to 13 mg/mL based on an extinction coefficient of 0.85 (mg/mL) 21 
Crystallization of Pen and Pal
Crystallization conditions were surveyed by the hanging drop method of vapor diffusion using a laboratory-based sparse matrix screen. Pen was screened in the absence of ligands or in the presence of either UDP or UDP-GlcNAc. Pal was screened in the presence and absence of UDP. Diffraction quality crystals of Pen were grown at 48C with 5 mM UDP-GlcNAc, 2.2-2.5 M ammonium sulfate, and 100 mM HEPES (pH 7.5). For Xray data collection, the crystals were transferred to a solution composed of 5 mM UDP-GlcNAc, 2.8 M ammonium sulfate, 100 mM HEPES, and 15% ethylene glycol (pH 7.5). The required UDP-GlcNAc was purchased from Sigma-Aldrich.
Crystals of Pal were grown at room temperature in the presence of 5 mM UDP, 8-12% poly(ethylene) glycol 5000, 100 mM MES, and 2% 2-methyl-2,4-pentanediol (pH 6.0). For X-ray data collection, they were transferred to a cryoprotectant solution composed of 5 mM UDP, 22% poly(ethylene) glycol 5000, 2% 2-methyl-2,4-pentanediol, 100 mM MES, and 16% ethylene glycol (pH 6.0).
Structural analyses of Pen and Pal
An X-ray data set from a crystal of Pen was collected in house with a Bruker AXS Platinum-135 CCD detector controlled with the PROTEUM software suite (Bruker AXS). The X-ray source was Cu Ka radiation from a Rigaku RU200 X-ray generator equipped with Montel optics and operated at 50 kV and 90 mA. The X-ray data were processed with SAINT and scaled with SADABS (Bruker AXS). An X-ray data set from a crystal of Pal was collected at Argonne National Laboratory Beamline 19-BM at a wavelength of 0.9794 Å . The data were processed with HKL3000. 32 Relevant X-ray data collection statistics for both Pen and Pal are listed in Table I . Pen was solved by molecular replacement with the software package PHASER using as a search model PDB entry 2GN4. 29, 33 Pal was solved by molecular replacement using as a search model PDB entry 2P5U. Iterative cycles of model-building with Coot 34, 35 and refinement with REFMAC 36 were employed to produce the final X-ray coordinate files for Pen and Pal. [34] [35] [36] Model refinement statistics are provided in Table II. 
